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The performance of jointed plain concrete pavement is aﬀected by various design parameters including mechanical and thermal prop-
erties of concrete. Out of these, coeﬃcient of thermal expansion, elastic modulus and modulus of rupture are a few important ones and to
evaluate the eﬀects of these material properties on pavement performance, simulations were carried out in MEPDG. All other design
parameters such as traﬃc, design life, climate and road bed soil conditions were considered as constant and pavement performance
was evaluated. The simulation results appreciated that with an increase in coeﬃcient of thermal expansion of concrete, the pavement
performance was adversely aﬀected. In addition, with an increase in elastic modulus and modulus of rupture values of concrete, the
strength of concrete increases and resultantly an improved pavement performance was obtained. It became evident that these material
parameters should be carefully considered while designing a rigid pavement.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A number of factors including material characteristics,
climatic factors, anticipated traﬃc conditions, design life,
expected performance parameters and roadbed soil condi-
tions aﬀect design and performance of concrete pavement.
Of these, coeﬃcient of thermal expansion (CTE), elastic
modulus and modulus of rupture (MOR) are a few impor-
tant inputs. Various pavement characteristics like cross-
section, design life, serviceability and cracking depend
partly on these factors. Although the history of rigid pave-http://dx.doi.org/10.1016/j.ijprt.2016.09.005
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States dates back to 1891. However, unfortunately, accu-
rate determination of these material properties could not
become a part of the design process until the evolution of
Mechanistic Empirical Pavement Design Guide (MEPDG)
and AASHTO Ware ME Pavement design software,
around the last decade. MEPDG is a combination of both
mechanistic and empirical approaches for designing and
performance prediction of pavements. While considering
all other inputs like traﬃc, climatic and material, it also
takes into account CTE values, elastic modulus and mod-
ulus of rupture of concrete for rigid pavement design,
and determination of pavement performance. MEPDG
evaluates the performance of concrete pavement over the
designed life by predicting the performance parameters,
which are international roughness index (IRI), mean jointhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
ity of mechanical and thermal properties of concrete on predicted perfor-
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Tanesi et al. worked to determine the eﬀect of the variabil-
ity of the CTE test on the predicted pavement performance.
He performed a sensitivity analysis by varying the CTE
values on a single jointed plain concrete pavement design.
He found that with the increase in CTE value, the percent-
age of slabs with transverse cracking also increases [1].
Hein conducted his research and described that thermal
expansion and contraction of a concrete pavement can have
a signiﬁcant eﬀect on its performance. Thermal contraction
can result in transverse cracking of slabs depending on the
joint spacing. Thermal eﬀects also impact slab bending
and curling and when joints/edges are curled upwards, they
do not have full contact with the base and are subject to
cracking under traﬃc loading. This could be particularly
signiﬁcant for long, thin slabs under heavy, frequent loading
[2].McCarthy et al. found the precision required for measur-
ing the CTE of concrete for use in theMEPDG. They found
that a precision of ±0.5 micro-strain/C appears to have a
relatively small impact on the predicted distress and conse-
quently a smaller impact on the required pavement design
thickness. However, a diﬀerence of 0.5 micro-strain/C does
have a signiﬁcant impact on the service life in terms of num-
ber of years prior to exceeding the distress limit for cracking.
Thus, when considering the impact of changes in CTE on
predicted service life, the impact is much more sensitive
and may be carefully considered [3].
Rao et al. conducted study on curling and warping in
JPCP based on temperature and moisture conditions at
the time of paving and immediately following construction
with ﬁeld data collected from fully instrumented sections in
Arizona and Minnesota, including the temperature data
through slab thickness at diﬀerent times of the day. They
concluded that in addition to actual temperature gradients,
the eﬀects of built-in curling, shrinkage and creep have to be
considered in pavement analysis [4]. Selezneva et al. identi-
ﬁed the material characteristics of concrete including
strength, CTE and ultimate shrinkage as the key design fac-
tors that aﬀect the structural performance of continuously
reinforced concrete pavements [5]. Mirsayar et al. investi-
gated the lift-oﬀ in concrete slab by evaluating the eﬀects
of climatically induced contraction stress and the material
properties of the pavement structure by examining the
deformation of the slab and the developed stress ﬁeld
around the interface crack tip and found that the relative
elastic modulus and the contraction stress signiﬁcantly
inﬂuence the stress and displacement ﬁelds around the crack
tip. The relative slab displacement at the point where the
maximum movement occurs is remarkably aﬀected by the
relative elastic modulus. For design purposes, for a subbase
with a known stiﬀness, a stiﬀer concrete should be used to
minimize lift-oﬀ eﬀects and to diminish the tendency of
the interface crack to open. Therefore, one should design
the pavement structure on the basis of the material proper-
ties of the concrete slab and the subgrade [6]. Vandenboss-
che et al. evaluated the eﬀects of concrete material
properties, pavement structural parameters and thePlease cite this article in press as: G. Sabih, R.A. Tarefder, Impact of variabil
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curve on slab cracking predictions. The sensitivity analysis
of impact of CTE,MOR and elastic modulus suggested that
small changes in input values for these properties can lead
to signiﬁcant changes in predicted performance [7].
This study focuses on impact of CTE, elastic modulus
and MOR on performance of jointed plain concrete pave-
ment (JPCP). JPCP is a commonly used concrete pave-
ment, which uses contraction/transverse joints to control
cracking, and there is no reinforcing steel. For the purpose
of this study, simulations were conducted in AASHTO
Ware ME Pavement design software and the sensitivity
analysis was carried out to analyze the impact of these
material properties on the terminal pavement performance
parameters and the performance over the design life of
JPCP.
2. Impact of coeﬃcient of thermal expansion on pavement
performance
2.1. Coeﬃcient of thermal expansion
All materials expand and contract to some extent as
their temperatures rise or fall. The CTE is a measure of a
material’s expansion or contraction with temperature.
Because the length changes associated with thermal expan-
sion are very small, the CTE is usually expressed in micro-
strains per unit temperature change. The test method to
determine the CTE was ﬁrst accepted as an American
Association of State Highway and Transportation Oﬃcials
(AASHTO) provisional test method TP 60 in 2000 and
became a full test method T336 in 2009 [8]. The CTE of
Portland cement concrete (PCC) ranges from about 7.2
to 14.4 micro-strains/C (4 to 8 micro-strains/F) and an
average value of 9.9 micro-strains/C (5.5 micro-strains/
F) is commonly used in pavement design. The range of
CTE values for diﬀerent concretes reﬂects the variation in
the CTE of the concrete’s component materials. For exam-
ple, concrete containing limestone aggregate has a lower
CTE than concrete containing siliceous aggregate. Because
aggregate comprises about 70% of the concrete, aggregate
type has the greatest eﬀect on the CTE of concrete.
Jahangirnejad and his team conducted research on CTE
of PCC produced with various types of aggregates. They
concluded that the magnitude of the measured CTE of
PCC varies with aggregate geology. The CTE of hardened
cement paste also aﬀects the CTE of concrete [9]. Shin and
Chung found that the measured CTEs at various ages (3, 5,
7, 14, 28, 60, 90 days) ﬂuctuates within 0.36 micro-strains/
C (0.2 micro-strain/F) and the age of concrete, statistically
have no signiﬁcant eﬀect on CTE [10].
2.2. Importance of coeﬃcient of thermal expansion in JPCP
CTE of PCC is a very important parameter in concrete
pavement analysis because the magnitudes of temperature
related pavement deformations are directly proportionality of mechanical and thermal properties of concrete on predicted perfor-
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as well as during the pavement design life. Further, these
deformations, in combination with the restraint oﬀered
by the base layer and slab weight, aﬀect the resulting cur-
ling stresses and axial stresses in the hardened slab both
during early stages and in the long term. Using an average
value may therefore lead to erroneous assumptions about
the pavement’s thermal response and possible distress.
Accurate values of the CTE are needed to predict potential
thermally induced movements in a concrete pavement.
Mallela et al. found that CTE aﬀects the following aspects
of pavement performance [11]:
 Early-age or premature random cracking if the excessive
longitudinal slab movement (i.e., movement in the direc-
tion of traﬃc) caused by high CTE concrete is resisted
by restraint forces (e.g., slab–base friction).
 Higher mid-panel transverse and longitudinal fatigue
cracking caused by higher curling stresses.
 Higher amounts of faulting caused by a greater loss of
slab support at the time of construction, larger joint
openings during adverse seasons, and greater corner
deﬂections from curling.2.3. Eﬀects of coarse aggregate content on coeﬃcient of
thermal expansion
Cement paste has a higher thermal coeﬃcient than that
of coarse aggregate. Won [12] did his research on eﬀects of
course aggregate in which a batch of concrete was made,
and cement paste was separated by a wet sieve. Two cylin-
ders were cast with cement paste only. Another two cylin-
ders were made with 25% volume with coarse aggregate
and two additional cylinders made with 50% volume with
coarse aggregate. CTE testing was done on these cylinders.
A value of 10.80 microstrain/C was obtained for cement
paste, which is close to the reported value of 10 micros-
train/C. There was an almost linear relationship between
coarse aggregate volume and CTE. He found that, for this
aggregate type, the decrease in CTE was approximately
0.045 microstrain/C per percent increase in coarse aggre-
gate volume. This ﬁnding indicates that, for job control
or a mix approval process, the coarse aggregate volume
should be tightly controlled. He conducted a laboratory
investigation to determine the coeﬃcient of thermal expan-
sion of typical concrete paving mixtures made with coarse
aggregate from eight diﬀerent sources in Michigan. The test
results indicated that aggregate geology, specimen age at
the time of testing, and the number of heating and cooling
cycles that the specimen is subjected to have a statistically
signiﬁcant impact on the magnitude of measured CTE.
2.4. Use of design levels of CTE in the MEPDG
The MEPDG has established three levels of design.
Level 3 is the lowest level of sophistication and should be
used for facilities of relatively low importance and traﬃcPlease cite this article in press as: G. Sabih, R.A. Tarefder, Impact of variabil
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based on historical data. This is considered to have a poor
level of accuracy as PCC materials can be quite variable
and Level 3 estimates have the greatest potential for error.
Level 2 inputs for CTE are based on a weighted average of
the constituent material quantities and their CTE values.
Level 1 values for CTE are considered the most accurate
as they are based on actual test results [13]. In this study,
level 3 values have been used for CTE, elastic modulus
and MOR in the absence of level 1 and level 2 values, which
is a limitation of this study.
2.5. Simulation methodology
The sensitivity analysis of CTE on performance param-
eters of JPCP was performed by conducting the simula-
tions in AASHTO Ware ME Pavement design software.
The major design inputs including design life, traﬃc vol-
ume, climate, and etc. were considered constant as shown
in Table 1. Simulations were conducted for various CTE
values ranging from 7.2 to 14.4 micro-strains/C to observe
the eﬀects of CTE on performance of JPCP. The eﬀects of
varying CTE values on transverse cracking, mean joint
faulting and terminal IRI were analyzed on the predicted
terminal values and also the CTE sensitivity to the perfor-
mance over the entire pavement design life.
2.6. Results and discussion
2.6.1. Impact of varied CTE on predicted terminal
performance
The simulation results were evaluated to determine the
impact of CTE variability on the pavement performance
parameters. Figs. 1–3 present the results of CTE variation
on predicted terminal values of transverse cracking, IRI
and joint faulting. It is evident from the results that as
the CTE of concrete increases, the performance of JPCP
is adversely aﬀected. Transverse cracking, terminal IRI
and joint faulting increases with increase in CTE values.
The main reason for increase in the distresses is the increase
in curling stresses due to increase in CTE of concrete. The
slope of the curves for transverse cracking and terminal IRI
is much steeper when CTE value goes above 11 micro-
strain/C and with further increase in CTE value, the pave-
ment fails to meet the design performance criteria. The
relation between CTE and terminal joint faulting is almost
a straight line with joint faulting increasing with increase in
CTE of concrete.
2.6.2. Impact of CTE variability over the pavement design
life
The analysis of CTE variation on the performance
parameters over the pavement design life was also con-
ducted and the results are presented in Figs. 4–6. The
threshold limit of transverse cracking was 15% and it is evi-
dent that when CTE value reaches 10.8 micro-strain/C,
the pavement crosses the threshold limit at the end ofity of mechanical and thermal properties of concrete on predicted perfor-
016), http://dx.doi.org/10.1016/j.ijprt.2016.09.005
Table 1
JPCP design parameters for simulation work.
Parameter Value Remarks
Design Life 30 years Constant
Design Thickness 254 mm (10 in.) Constant
Climate Station Albuquerque, NM Constant
Initial IRI 0.99 m/km (63 in./mile) Constant
Terminal IRI 2.72 m/km (172 in./mile) Constant
Threshold Transverse Cracking (% Slabs) 15% Constant
Terminal Mean Joint Faulting 3.05 mm (0.12 in.) Constant
Reliability 90% Constant
Modulus of Rupture of Concrete 4.76 MPa (690 psi) Constant for evaluation of CTE and elastic modulus
Elastic Modulus of Concrete 28.96 GPa (4.2  106 psi) Constant for evaluation of CTE and MOR
Aggregate Type Lime Stone Constant
Traﬃc ESALS 29  106 Constant
Number of Lanes 2 Constant
Base Course Non Stabilized Constant
Base Course Thickness 152.4 mm (6 in.) Constant
Base Course Resilient Modulus 275 MPa (40000 psi) Constant
Fig. 1. Eﬀects of CTE on transverse cracking.
Fig. 2. Eﬀects of CTE on terminal IRI.
Fig. 3. Eﬀects of CTE on mean joint faulting.
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ment fails to meet the threshold criteria in early life. A sim-
ilar trend can be observed on the impact of CTE on
pavement roughness as the pavement failed to meet the
threshold criteria of IRI (2.72 m/km) near the end of design
life with the CTE value of 11.7 micro-strain/C and if CTE
is further increased then pavement fails even earlier. The
acceptable limit for joint faulting was 3.05 mm and the
pavement fails to meet this limit when CTE of concrete
increases from 11.7 micro-strain/C. It is evident fromPlease cite this article in press as: G. Sabih, R.A. Tarefder, Impact of variabil
mance of jointed plain concrete pavements, Int. J. Pavement Res. Technol. (2these results that with increase in CTE of concrete the pre-
dicted distresses of JPCP also increases resulting in shorter
pavement life.3. Eﬀects of elastic modulus on concrete pavement
3.1. Elastic modulus
Elastic modulus measures material stiﬀness and is a
ratio of the applied stress to measured strain. It is measuredity of mechanical and thermal properties of concrete on predicted perfor-
016), http://dx.doi.org/10.1016/j.ijprt.2016.09.005
Fig. 4. Impact of CTE on cracking over the pavement life.
Fig. 5. Eﬀects of CTE on pavement roughness over design life.
Fig. 6. Impact of CTE on joint faulting over pavement service life.
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in longitudinal compression at a relatively slow constant
rate [14]. This type of test is very expensive due to the nat-
ure of the test so with extensive research, American Con-
crete Institute (ACI) developed a relation between elasticPlease cite this article in press as: G. Sabih, R.A. Tarefder, Impact of variabil
mance of jointed plain concrete pavements, Int. J. Pavement Res. Technol. (2modulus and compressive strength of concrete (at 28 days),
which gives quite satisfactory results for the elastic modu-
lus values of concrete. Typical elastic modulus of normal
strength Portland cement plain concrete ranges between
14 and 41 GPa (2  106 and 6  106 psi).ity of mechanical and thermal properties of concrete on predicted perfor-
016), http://dx.doi.org/10.1016/j.ijprt.2016.09.005
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Elastic modulus of concrete is an important variable in
pavement design. It controls the overall slab deﬂections
from traﬃc loading and slab curling stresses. Historically,
in pavement applications, this value was not rigorously
estimated. Typical value of 28.96 GPa (4.2  106 psi) was
assumed during design of rigid pavement because it was
perceived to have little eﬀect. However, newer design meth-
ods such as the MEPDG have brought the importance of
this parameter to the forefront. As elastic modulus is
directly related to concrete strength so concrete with a
higher elastic modulus behaves in a better way to deal with
the curling and loading stresses as compared to the con-
crete with lower elastic modulus.
In general, the material characteristics aﬀect the elastic
modulus in the same manner as the compressive strength.
However, elastic modulus is more sensitive to aggregate
characteristics and volumes. The higher the modulus of
elasticity of the aggregate, the higher will be the elastic
modulus of the concrete. The shape of coarse aggregate
particles and their surface characteristics also inﬂuence
the value of modulus of elasticity of concrete.
3.3. Simulation of elastic modulus eﬀects on JPCP
The simulation of the eﬀects of elastic modulus of con-
crete on performance parameters of JPCP was conducted
using MEPDG software. For this purpose, a constant
CTE value of 9.9 micro-strain/C for PCC layer was
assumed and the rest of the design parameters were taken
constant as given in Table 1. The performance characteris-
tics of JPCP were obtained for diﬀerent values of elastic
modulus of concrete ranging from 24 to 35 GPa
(3.5  106 to 5  106 psi).
3.4. Impact of elastic modulus variation on predicted
terminal performance
The simulation results are shown in Figs. 7–9. After ana-
lyzing the simulation results, it is evident that as the elastic
modulus of concrete increases, the terminal IRI decreases
and in the same way the percentage of transverse cracking
also decreases so the elastic modulus has a direct relation toFig. 7. Eﬀects of elastic modulus on terminal IRI.
Please cite this article in press as: G. Sabih, R.A. Tarefder, Impact of variabil
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proportional to the compressive strength of concrete; this
is also the reason that higher elastic modulus values give
a better performance. However, there is no eﬀect of elastic
modulus variation on the terminal value of joint faulting.
3.5. Impact of elastic modulus variation over the pavement
design life
The eﬀects of varying elastic modulus on the pavement
performance over the pavement design life were analyzed
and the results are shown in Figs. 10 and 11. It is evident
from the results that lower elastic modulus values gives
higher pavement roughness; however, the designed pave-
ment satisﬁes the terminal IRI criteria for all the simulated
elastic modulus values. The impact of elastic modulus on
the transverse cracking is more pronounced and the
designed pavement fails to satisfy the transverse cracking
criteria at 26 years with elastic modulus value of
24.13 GPa (3.5  106 psi).
4. Eﬀects of modulus of rupture on performance of JPCP
4.1. Modulus of rupture
The ﬂexural strength or MOR of concrete deﬁnes the
tensile capacity of concrete. Typically, concrete is not
tested under direct tension because the test apparatus and
the loading mechanism introduce secondary stresses that
are not easy to compensate for in test results. Modulus of
rupture can be determined as the maximum tensile strength
at rupture at the bottom of a simply supported concrete
beam during a ﬂexural test with third point loading, as
standardized in ASTM C-78 [15]. This test measures the
tensile capacity of the concrete in bending or ﬂexure.
Modulus of rupture is inﬂuenced by mix design parameters
including water to cement ratio, cement type, cement-
content, and aggregate properties (aggregate type, maxi-
mum size, gradation, and surface texture).
4.2. Importance of modulus of rupture in concrete pavement
Modulus of rupture of a fully supported slab is far
greater than the ﬂexural strength of a simply supportedFig. 8. Impact of elastic modulus on terminal transverse cracking.
ity of mechanical and thermal properties of concrete on predicted perfor-
016), http://dx.doi.org/10.1016/j.ijprt.2016.09.005
Fig. 9. Impact of elastic modulus on terminal joint faulting.
Fig. 12. Eﬀects of modulus of rupture on terminal IRI.
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crete. In MEPDG, the damage calculated for the estima-
tion of transverse cracking is a function of the ﬂexural
strength of the concrete. A true estimation of modulus of
rupture would improve the accuracy of cracking predic-
tion. Although modulus of rupture is an important param-
eter in evaluating the design of rigid pavement, it was not
given due importance in the past. With the advent of
MEPDG, a lot of emphasis has been given to accurateFig. 10. Impact of elastic modulus (Ec) on IRI over the pavement life.
Fig. 11. Impact of elastic modulus (Ec) on cracking over the pavement life.
Fig. 13. Eﬀects of modulus of rupture on terminal transverse cracking.
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Fig. 14. Eﬀects of modulus of rupture on terminal joint faulting.
Fig. 15. Impact of modulus of ruptu
Fig. 16. Impact of modulus of rupture on tra
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of rigid pavement.
4.3. Simulation of eﬀects of modulus of rupture on JPCP
To evaluate the eﬀects of modulus of rupture on perfor-
mance of concrete pavements, simulations were conducted
with diﬀerent values of modulus of rupture ranging from 4
to 5.7 MPa (580 to 830 psi) while keeping a constant CTE
value of 9.9 micro-strain/C (5.5 micro-strain/F) for PCC
layer. The rest of the design parameters were taken as given
in Table 1. The eﬀects on the performance parameters were
analyzed to contrast the eﬀects of modulus of rupture on
pavement design.re on IRI over the pavement life.
nsverse cracking over the pavement life.
ity of mechanical and thermal properties of concrete on predicted perfor-
016), http://dx.doi.org/10.1016/j.ijprt.2016.09.005
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terminal performance
The results for impact of modulus of rupture on
predicted terminal values of performance indicators have
been plotted and shown in Figs. 12–14. After analyzing
the simulation results, it is clear that as the modulus of rup-
ture of concrete increases, the terminal IRI decreases and in
the same way the percentage of transverse cracking also
decreases. In fact, a higher modulus of rupture values gives
a better performance. However, it can be observed that
there is no eﬀect of modulus of rupture variation on joint
faulting.
4.5. Eﬀects of modulus of rupture variation over the
pavement design life
The simulation results were evaluated for the pavement
performance including pavement roughness and transverse
cracking over the design life of the pavement and are
shown in Figs. 15 and 16. It can be inferred from the anal-
ysis that the change in MOR value of concrete aﬀects the
pavement roughness but the IRI values remains under
the threshold limit. However, MOR has more signiﬁcant
eﬀect on the cracking distress and with MOR value of
4.02 MPa, the pavement fails to satisfy the transverse
cracking criteria at the pavement age of 26 years. In addi-
tion, the cracking distress increases rapidly when MOR
value slides below 4.5 MPa.
5. Conclusion
The results obtained from the simulations conﬁrmed the
ﬁndings from the literature review regarding eﬀects of
mechanical and thermal properties of concrete on perfor-
mance and service life of JPCP. With an increase in CTE
of concrete, the performance of JPCP is adversely aﬀected,
due to higher curling stresses. Speciﬁcally, CTE above
10 micro-strain/C should be avoided as it may result in
early failure of the pavement. Concrete strength increases
with increase in elastic modulus and modulus of rupture
values which results in an improved performance of con-
crete pavement. These material properties have signiﬁcant
impact on transverse cracking, slight eﬀect on pavement
roughness and no eﬀect on joint faulting as observed from
the simulation results.Please cite this article in press as: G. Sabih, R.A. Tarefder, Impact of variabil
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